Linear wave energy converters generate intrinsically intermittent power with variable frequency and amplitude. A composite energy storage system consisting of batteries and super capacitors has been developed and controlled by buck-boost converters. The purpose of the composite energy storage system is to handle the fluctuations and intermittent characteristics of the renewable source, and hence provide a steady output power. Linear wave energy converters working in conjunction with a system composed of various energy storage devices, is considered as a microsystem, which can function in a stand-alone or a grid connected mode. Simulation results have shown that by applying a boost H-bridge and a composite energy storage system more power could be extracted from linear wave energy converters. Simulation results have shown that the super capacitors charge and discharge often to handle the frequent power fluctuations, and the batteries charge and discharge slowly for handling the intermittent power of wave energy converters. Hardware systems have been constructed to control the linear wave energy converter and the composite energy storage system. The performance of the composite energy storage system has been verified in experiments by using electronics-based wave energy emulators.
Introduction
As a large untapped renewable source, electricity can be harnessed from ocean waves [1] [2] [3] [4] , and this could contribute a significant portion of the electricity needed to meet world-wide consumption. Most current research into harnessing energy from ocean waves has focused on developing the mechanical system for the capture of energy from the ocean sources, rather than the conversion methods of the irregular electrical power from wave energy converters. Conventional wave energy converters, such as the oscillating-water-column system and the pendulum-type, usually need intermediate mechanical systems for kinetic energy conversion from the low frequency of ocean waves to the high frequency of conventional generators. This reduces the overall system efficiency. Linear wave energy converters (LWECs) directly use the kinetic energy of the floating body driven by ocean waves. As the energy conversion from low frequency to high frequency is not needed, it is an attractive technology with advantages of reduced complexity, reduced maintenance and system cost [5] [6] [7] [8] [9] [10] [11] [12] [13] . At the same time, appropriate control and power conversion methods need to be developed for linear wave energy converters, to increase the efficiency of electrical power extraction and conversion.
Traditional point absorbing wave energy converters employ either a linear electric generator or a linear-to-rotary mechanism. Rack-pinion, slider-crank or ball-screw mechanisms are usually employed in linear-to-rotary systems [8] . Among the linear-to-rotary mechanisms, the ball-screw mechanism is useful in transforming a slow linear motion into a fast rotary motion with a high efficiency (more than 90%), and this is suitable for use in point absorbing wave energy converters [14, 15] . It is well-known that linear generators outweigh rotational ones because of the simplicity and effectiveness of the total structure [16] . In a LWEC, a linear electrical machine is directly coupled to the driving source, for example a floating buoy. When the linear machine is coupled to the motion of a floating buoy, a characteristic electromotive force (EMF) is induced in the machine's coils. Varying ocean waves with slow and cyclic motions generate corresponding EMF waveforms. An example of the usual electrical output is shown in Figure 1 and is similar to that presented in [6, 7] .
Energies 2017, 10, 114 2 of 15 an attractive technology with advantages of reduced complexity, reduced maintenance and system cost [5] [6] [7] [8] [9] [10] [11] [12] [13] . At the same time, appropriate control and power conversion methods need to be developed for linear wave energy converters, to increase the efficiency of electrical power extraction and conversion. Traditional point absorbing wave energy converters employ either a linear electric generator or a linear-to-rotary mechanism. Rack-pinion, slider-crank or ball-screw mechanisms are usually employed in linear-to-rotary systems [8] . Among the linear-to-rotary mechanisms, the ball-screw mechanism is useful in transforming a slow linear motion into a fast rotary motion with a high efficiency (more than 90%), and this is suitable for use in point absorbing wave energy converters [14, 15] . It is well-known that linear generators outweigh rotational ones because of the simplicity and effectiveness of the total structure [16] . In a LWEC, a linear electrical machine is directly coupled to the driving source, for example a floating buoy. When the linear machine is coupled to the motion of a floating buoy, a characteristic electromotive force (EMF) is induced in the machine's coils. Varying ocean waves with slow and cyclic motions generate corresponding EMF waveforms. An example of the usual electrical output is shown in Figure 1 and is similar to that presented in [6, 7] . When the translator of a LWEC reaches the ends of its stroke with a frequency of twice that of ocean waves, the linear machine is being reset and the power output is zero at these two instants. Hence, a large fluctuation occurs in the output power of linear wave energy converters, and with a varying time period of seconds. In addition, like wind power and all other renewable sources, ocean power may vary significantly according to sea states, resulting in a long term variation of the output power of wave energy converters, varying from minutes to hours.
A wave energy converter ideally should provide steady power to the local load or grid, and its output power should be regulated to maintain a desired value over a time of hours or more. This paper describes the methods for extracting powers from a LWEC and conditioning the fluctuating output power. A composite energy storage system composing of super capacitors and batteries is presented to operate in conjunction with the wave energy converter. The composite energy storage system overcomes the variations of powers outputted from wave energy converters, by providing temporary storage ability over a few wave cycles and long term storage ability up to hours, thereby meeting the goal of providing a steady output power. Moreover, the batteries are prevented to handle the frequent fluctuations of LWECs, and are like have longer life and less maintenance. The control systems of linear wave energy converters and the composite energy storage system are simulated by MATLAB software and the experimental results will be given to verify the performance of the composite energy storage system by using an electrical wave energy emulator.
Proposed System
Linear wave energy converters can be considered a variable frequency generator, and the output is conventionally conditioned by controlled rectification. Therefore, a stable DC link voltage could be provided for supplying an inverter bridge to feed the grid. The DC link bus is a suitable location for When the translator of a LWEC reaches the ends of its stroke with a frequency of twice that of ocean waves, the linear machine is being reset and the power output is zero at these two instants. Hence, a large fluctuation occurs in the output power of linear wave energy converters, and with a varying time period of seconds. In addition, like wind power and all other renewable sources, ocean power may vary significantly according to sea states, resulting in a long term variation of the output power of wave energy converters, varying from minutes to hours.
Linear wave energy converters can be considered a variable frequency generator, and the output is conventionally conditioned by controlled rectification. Therefore, a stable DC link voltage could be provided for supplying an inverter bridge to feed the grid. The DC link bus is a suitable location for the connection of energy storage to be used as a buffer for leveling the power output. A composite energy storage system is presented for handling the output power fluctuations of linear wave energy converters and achieving the constant power-flow requirement. The proposed system includes a high power density device (super capacitor) and a high energy density device (battery), as shown in Figure 2 .
Energies 2017, 10, 114 3 of 15 the connection of energy storage to be used as a buffer for leveling the power output. A composite energy storage system is presented for handling the output power fluctuations of linear wave energy converters and achieving the constant power-flow requirement. The proposed system includes a high power density device (super capacitor) and a high energy density device (battery), as shown in Figure  2 . The operation of a linear wave energy converter is expected to last for many years in the offshore marine environment, as performing maintenance in the offshore marine environment is expensive, hazardous and time consuming. The power generated from wave power can be transmitted to the shore either by underwater AC or high voltage DC transmission cables, depending on the distance, as planned in the UK for the connection of offshore wind farms. Hence, it is a feasible option to place the super capacitor system offshore with the LWEC while the battery system resides onshore, as super capacitors have much longer lifetimes than batteries [4] .
Controls of Linear Wave Energy Converters (LWECs)
A number of linear electrical machines have been designed for direct drive methods of harnessing wave power [5, 6, [10] [11] [12] 17] The comparatively large internal inductance of the generator coils of some linear machines results in a low power factor, as noted by Ran and Hodgins [11, 17] . Hence, these machines require substantial reactive power compensation in order to increase their output power factors. An alternative linear machine design, the tubular linear machine [10] , can achieve power factors above 0.95 in wave application. However, there is a tradeoff between improved power factor and power density, as tubular linear machines has large internal resistance The energy harvesting system of a LWEC can be modelled as a mass-spring-damper system, as described in [18] , and as shown in Figure 3 , where e F is the excitation force; U is the device translational velocity; M is the device mass; 1 e K is the inverse of the spring stiffness force constant; and e R is the total resistance of the mechanical damping.
The load impedance seen by a LWEC depends upon the control strategy of the generator, which can be purely resistive or can present some capacitive reactance to cancel that of the energy harvesting system. The resistive and capacitive-resistive loadings are represented in Figure 3a ,b, respectively. A linear system could output maximum power by damping the system in resonance [18] . In this approach, maximum power extraction takes place when the load damping equals the mechanical losses. The operation of a linear wave energy converter is expected to last for many years in the offshore marine environment, as performing maintenance in the offshore marine environment is expensive, hazardous and time consuming. The power generated from wave power can be transmitted to the shore either by underwater AC or high voltage DC transmission cables, depending on the distance, as planned in the UK for the connection of offshore wind farms. Hence, it is a feasible option to place the super capacitor system offshore with the LWEC while the battery system resides onshore, as super capacitors have much longer lifetimes than batteries [4] .
A number of linear electrical machines have been designed for direct drive methods of harnessing wave power [5, 6, [10] [11] [12] 17] . The comparatively large internal inductance of the generator coils of some linear machines results in a low power factor, as noted by Ran and Hodgins [11, 17] . Hence, these machines require substantial reactive power compensation in order to increase their output power factors. An alternative linear machine design, the tubular linear machine [10] , can achieve power factors above 0.95 in wave application. However, there is a tradeoff between improved power factor and power density, as tubular linear machines has large internal resistance The energy harvesting system of a LWEC can be modelled as a mass-spring-damper system, as described in [18] , and as shown in Figure 3 , where F e is the excitation force; U is the device translational velocity; M is the device mass; 1/K e is the inverse of the spring stiffness force constant; and R e is the total resistance of the mechanical damping.
The load impedance seen by a LWEC depends upon the control strategy of the generator, which can be purely resistive or can present some capacitive reactance to cancel that of the energy harvesting system. The resistive and capacitive-resistive loadings are represented in Figure 3a ,b, respectively. A linear system could output maximum power by damping the system in resonance [18] . In this approach, maximum power extraction takes place when the load damping equals the mechanical losses. In other words, all impedance terms in the generator loading system are controlled to achieve maximum power transfer, as expressed by Equations (1) and (2):
Even taking the uncertainty and errors of parameters into consideration, a maximum power point tracking (MPPT) control strategy can be employed to achieve maximum power extraction [19] . Two AC/DC power converter topologies have been proposed to control the power extraction from LWECs: one is a unidirectional topology [11, 20] based on diode rectifiers and designed especially for the high power factor machines as mentioned before; the other topology is based on an H-bridge or full bridge which allows bidirectional power flow [6, [21] [22] [23] [24] . Although the unidirectional topology offers cost savings, the bidirectional topology is necessary for cancelling the machine's dynamic reactance, and to allow a reversible energy exchange for tuning a resonant arrangement of mechanical power take-off. Therefore, the bidirectional H-bridge topology shown in Figure 4 is adopted in this paper. In other words, all impedance terms in the generator loading system are controlled to achieve maximum power transfer, as expressed by Equations (1) and (2):
(1)
Even taking the uncertainty and errors of parameters into consideration, a maximum power point tracking (MPPT) control strategy can be employed to achieve maximum power extraction [19] . Two AC/DC power converter topologies have been proposed to control the power extraction from LWECs: one is a unidirectional topology [11, 20] based on diode rectifiers and designed especially for the high power factor machines as mentioned before; the other topology is based on an H-bridge or full bridge which allows bidirectional power flow [6, [21] [22] [23] [24] . Although the unidirectional topology offers cost savings, the bidirectional topology is necessary for cancelling the machine's dynamic reactance, and to allow a reversible energy exchange for tuning a resonant arrangement of mechanical power take-off. Therefore, the bidirectional H-bridge topology shown in Figure 4 is adopted in this paper. The AC power from LWECs with slowly varying amplitude and frequency, must be entirely controlled by a bidirectional H-bridge converter to improve the power extraction from LWECs, and is required to be rectified and regulated to a desired DC link voltage. Moreover, the DC link voltage value is generally higher than the induced EMF in the generator coils of LWECs so a boost function is required. The generator coil L coil could be exploited as boost inductor, for the purpose of achieving lower power loss and avoiding an additional component. The free boost inductor or the generator coil is connected in front of the H-bridge. IGBTs and fast recovery diodes could be adopted for the H-bridges, but the switching frequency is supposed to be carefully controlled below the generator coil's self-resonance frequency.
The currents of generator coils are controlled to track proportionally to the open loop output EMF of LWECs by switching the pairs (Z2 and Z4) and (Z1 and Z3) diagonally, and this aims to optimize the power flow from LWECs. In the positive cycle of EMF waveform, the generator coil is charging when Z2 and Z4 are turned on as shown in Figure 4a , otherwise it is discharging as shown in Figure 4b . Figure 4c ,d shows the current flows of the H-bridge converter when EMF is in the negative cycle.
The free boost inductor has a value of more than 10 times the minimum inductance required for ensuring the continuous conduction mode (CCM) operation of the mentioned boost H-bridge [25] [26] [27] [28] . In the continuous mode, the inductor current never reaches zero during any part of the switching cycle. There is no dead time gap between cycles, as shown in Figure 5 . During the period t on , the IGBT switches are on and the inductor current increases from an initial value to a peak value i p , replacing the energy given up in the last cycle, energy being drawn from the input. When the IGBT switches are off, the diode conducts for the rest of the cycle t off , and i L falls to a lower value than i p . This lower value is the initial value of the next cycle, but never becomes zero unless V in reaches zero. The inductor's energy is transferred to the output during t off .
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The AC power from LWECs with slowly varying amplitude and frequency, must be entirely controlled by a bidirectional H-bridge converter to improve the power extraction from LWECs, and is required to be rectified and regulated to a desired DC link voltage. Moreover, the DC link voltage value is generally higher than the induced EMF in the generator coils of LWECs so a boost function is required. The generator coil Lcoil could be exploited as boost inductor, for the purpose of achieving lower power loss and avoiding an additional component. The free boost inductor or the generator coil is connected in front of the H-bridge. IGBTs and fast recovery diodes could be adopted for the H-bridges, but the switching frequency is supposed to be carefully controlled below the generator coil's self-resonance frequency.
The free boost inductor has a value of more than 10 times the minimum inductance required for ensuring the continuous conduction mode (CCM) operation of the mentioned boost H-bridge [25] [26] [27] [28] . In the continuous mode, the inductor current never reaches zero during any part of the switching cycle. There is no dead time gap between cycles, as shown in Figure 5 . During the period ton, the IGBT switches are on and the inductor current increases from an initial value to a peak value p i , replacing the energy given up in the last cycle, energy being drawn from the input. When the IGBT switches are off, the diode conducts for the rest of the cycle toff, and L i falls to a lower value than p i . This lower value is the initial value of the next cycle, but never becomes zero unless Vin reaches zero. The inductor's energy is transferred to the output during toff. 
A Composite Energy Storage System

The intermittent and fluctuating power produced by a linear wave energy converter could be considered as low quality electricity, which is supposed to be regulated to a continuous and steady form to meet the connection requirements of the local load or power grid. These power quality concerns can be allayed by appropriate energy storage devices.
Energy Storage Components
Diverse energy storage techniques are summarized in [29] [30] [31] [32] , and they have various relative disadvantages and advantages. Referring to Figure 6 [29] [30] [31] [32] , the advantages of super capacitors are summarized as having a high power density, high efficiency and tolerance to a large number of charging cycles. Comparatively, batteries are characterised as having a large energy capacity, but the number of charging cycles is limited and the power density is relatively low. Batteries are not suited to handling frequent fluctuations in power systems and devices with a high power density are more capable of handling frequent varying fluctuations in power systems. The intermittent and fluctuating power produced by a linear wave energy converter could be considered as low quality electricity, which is supposed to be regulated to a continuous and steady form to meet the connection requirements of the local load or power grid. These power quality concerns can be allayed by appropriate energy storage devices.
Diverse energy storage techniques are summarized in [29] [30] [31] [32] , and they have various relative disadvantages and advantages. Referring to Figure 6 [29] [30] [31] [32] , the advantages of super capacitors are summarized as having a high power density, high efficiency and tolerance to a large number of charging cycles. Comparatively, batteries are characterised as having a large energy capacity, but the number of charging cycles is limited and the power density is relatively low. Batteries are not suited to handling frequent fluctuations in power systems and devices with a high power density are more capable of handling frequent varying fluctuations in power systems. In the application of wave energy conversion, performing maintenance is difficult and uneconomical, especially for offshore installations. This paper proposes a composite energy storage system working with wave energy converters. The composite system not only combines the benefits of both batteries and super capacitors, but also extends the operation life of batteries, as the super capacitor is used to handle the frequent fluctuations of the system. Hence, the frequency of maintenance of the overall system can be decreased.
Composite Energy storage system
In consideration of device maturity and system cost, a composite energy storage system composed of Li-ion batteries and super capacitors is proposed. Super capacitors are applied to handle the frequently varying power fluctuations within a time period of less than a minute, for example the typical fluctuations of power outputs from LWECs in one wave period, referring to Figure 2 . This goal is achieved to economise the consumption of the limited charging cycles of batteries. Long term power stability is provided by the Li-ion batteries over time periods of hours. The batteries absorb the excessive power when LWECs are generating more power than required by the local loads or grids. The batteries supply power to meet the load demand when the LWECs are generating insufficient power. A composite energy storage system combines the advantages of the high energy density and high power density characteristics of different devices as shown in Figure 6 , and the super capacitors and batteries are complementary.
Interface Circuits
In Figure 2 , the terminal voltage values of the batteries and super capacitors are generally smaller than the voltage value at DC link. A buck-boost DC/DC interface topology [33, 34] is used for regulating the energy exchanges between energy storage systems and the DC link. The same In the application of wave energy conversion, performing maintenance is difficult and uneconomical, especially for offshore installations. This paper proposes a composite energy storage system working with wave energy converters. The composite system not only combines the benefits of both batteries and super capacitors, but also extends the operation life of batteries, as the super capacitor is used to handle the frequent fluctuations of the system. Hence, the frequency of maintenance of the overall system can be decreased.
In Figure 2 , the terminal voltage values of the batteries and super capacitors are generally smaller than the voltage value at DC link. A buck-boost DC/DC interface topology [33, 34] is used for regulating the energy exchanges between energy storage systems and the DC link. The same converter topology is applied for both the super capacitors and batteries, as shown in Figure 7 . The interface circuit operates in two different modes. In the buck mode, the energy storage device is charged by controlling S 1 , and extracts excessive power from the DC link. When S 1 is on, current goes through S 1 , the inductor L and the electrical energy storage device are charged by the electrical power from the DC link. When S 1 is off, the inductor L turns to discharge mode, current goes through D 2 , the electrical energy storage device is maintaining charge mode. In the boost mode, the terminal voltage of energy storage device is stepped up and release energy to DC link. When S 2 is on, the energy storage device charges up inductor L. When S 2 is off, the energy storage device and inductor L works in conjunction and both discharge energies to the DC link and maintain the DC link voltage.
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Control of Super Capacitors and Batteries
The super capacitors are connected to a DC Link by DC/DC bidirectional converters as shown in Figure 7 . The voltage value of the DC link is maintained by the control method shown in Figure 8 using a proportional-integral controller. A feedback signal ufd is taken from the DC link. An error signal is obtained by subtracting ufd from a designed value of DC link voltage uref, and then fed to a proportional/integral stages (PI). A current reference iref is used to compare with iL the instant inductor currents of interface circuits shown in Figure 7 , and then an error signal is generated and adjusted for generating pulse width modulation (PWM) signals to control the inductor currents. 
The super capacitors are connected to a DC Link by DC/DC bidirectional converters as shown in Figure 7 . The voltage value of the DC link is maintained by the control method shown in Figure 8 using a proportional-integral controller. A feedback signal u fd is taken from the DC link. An error signal is obtained by subtracting u fd from a designed value of DC link voltage u ref , and then fed to a proportional/integral stages (PI). A current reference i ref is used to compare with i L the instant inductor currents of interface circuits shown in Figure 7 , and then an error signal is generated and adjusted for generating pulse width modulation (PWM) signals to control the inductor currents. converter topology is applied for both the super capacitors and batteries, as shown in Figure 7 . The interface circuit operates in two different modes. In the buck mode, the energy storage device is charged by controlling S1, and extracts excessive power from the DC link. When S1 is on, current goes through S1, the inductor L and the electrical energy storage device are charged by the electrical power from the DC link. When S1 is off, the inductor L turns to discharge mode, current goes through D2, the electrical energy storage device is maintaining charge mode. In the boost mode, the terminal voltage of energy storage device is stepped up and release energy to DC link. When S2 is on, the energy storage device charges up inductor L. When S2 is off, the energy storage device and inductor L works in conjunction and both discharge energies to the DC link and maintain the DC link voltage. 
The super capacitors are connected to a DC Link by DC/DC bidirectional converters as shown in Figure 7 . The voltage value of the DC link is maintained by the control method shown in Figure 8 using a proportional-integral controller. A feedback signal ufd is taken from the DC link. An error signal is obtained by subtracting ufd from a designed value of DC link voltage uref, and then fed to a proportional/integral stages (PI). A current reference iref is used to compare with iL the instant inductor currents of interface circuits shown in Figure 7 , and then an error signal is generated and adjusted for generating pulse width modulation (PWM) signals to control the inductor currents. The inductor current is fully controlled as shown in Figure 8 , and the super capacitors and inductor are connected in series; this means the flows of currents or energy from the from the super capacitors are also fully regulated to maintain a steady DC link voltage. When the measured value of the DC link voltage is higher than the designed value u re f , the super capacitors are controlled to operate in the buck mode for absorbing excess energy, thereby preventing the rise of the DC link voltage values. When the measured value of DC link voltages is smaller than u re f , the circuit operates in the boost mode and supplies energy to maintain a steady DC link voltage.
The AC power generated from LWECs is extracted and converted to DC power. Low pass filters or moving average filters can be used to separate the DC and AC components of the power at the DC link. The AC power components (the frequent fluctuations) are suitably addressed by using super capacitors. LWECs are presumed to continuously supply a designed steady power P G to the local load or grid in a time intervals over hours, where P G is normally determined as the average power from LWECs predicted at a specific location. The different values between P G and P W (t) is addressed by batteries as shown in Equation (3), where P W (t) represents the varying DC component of power produced by LWECs.
When P E (t) is positive, the DC/DC converter is controlled to work in the buck mode as represented in Figure 7 , and batteries absorb the excess power from LWECs. When P E (t) is negative, the DC/DC converter is controlled to function in the boost mode, and batteries release energy to DC link, aiming to retain steady values of power output P G and DC link voltage. Figure 9 describes the controls of the interface circuit of batteries. 
Capacity of Energy Storage Component
In the application of harnessing ocean waves for electricity generation, the available amount of ocean power over a certain period can be forecasted. Accordingly, the power output amount () W Pt can be estimated for LWECs. The total energy capacity of batteries required in a composite energy storage system can therefore be determined by E P , which is the difference between the maximum power and the average power from LWECs at a particular location over a certain time. The maximum energy required to be stored by batteries can be evaluated as the integral of The required capacity of super capacitors can be determined by a similar evaluation method. As described, the super capacitors generally respond faster than batteries, and hence are chosen to address frequent fluctuations of output powers from LWECs in a relatively short time period. Equation (5) shows the evaluation of Ccap the required capacitance of super capacitors:
Hardware Implementation
A complete wave energy converter system could be tested in a wave tank facilities or at the sea, but this would be complicated, risky and costly. The investigation of control methods and power conversion strategies for LWECs requires repeatable wave conditions. Laboratory scale tests can 
Capacity of Energy Storage Component
In the application of harnessing ocean waves for electricity generation, the available amount of ocean power over a certain period can be forecasted. Accordingly, the power output amount P W (t) can be estimated for LWECs. The total energy capacity of batteries required in a composite energy storage system can therefore be determined by P E , which is the difference between the maximum power and the average power from LWECs at a particular location over a certain time. The maximum energy required to be stored by batteries can be evaluated as the integral of P E over a time interval t. Equation (4) shows the evaluation of C bat the required capacity of batteries in A·h, where V max is the maximum terminal voltage and V min is the related minimum terminal voltage:
The required capacity of super capacitors can be determined by a similar evaluation method. As described, the super capacitors generally respond faster than batteries, and hence are chosen to address frequent fluctuations of output powers from LWECs in a relatively short time period. Equation (5) shows the evaluation of C cap the required capacitance of super capacitors:
Hardware Implementation
A complete wave energy converter system could be tested in a wave tank facilities or at the sea, but this would be complicated, risky and costly. The investigation of control methods and power conversion strategies for LWECs requires repeatable wave conditions. Laboratory scale tests can imitate the characteristics of an individual wave energy converter, and provide cost savings and convenience.
A power electronics-based wave energy emulator is capable of emulating the impedances, power losses and voltage waveforms reflecting the expected outputs of a particular LWEC, as proposed in [35] . This emulator could be used to excite power converters and the power train of LWECs for the assessment of performances over a range of conditions. Referring to Figure 10 , each phase of the wave energy emulator consists of a DC supply, a low pass filter, a section of coils from a particular linear machine, an H-bridge inverter and related control circuitries. The H-bridge is controlled by signals produced from a field programmable gate array (FPGA) based controller with PWM methods [36] [37] [38] . The low pass filter is used to remove the high frequency PWM components from the output of the H-bridge.
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A power electronics-based wave energy emulator is capable of emulating the impedances, power losses and voltage waveforms reflecting the expected outputs of a particular LWEC, as proposed in [35] . This emulator could be used to excite power converters and the power train of LWECs for the assessment of performances over a range of conditions. Referring to Figure 10 , each phase of the wave energy emulator consists of a DC supply, a low pass filter, a section of coils from a particular linear machine, an H-bridge inverter and related control circuitries. The H-bridge is controlled by signals produced from a field programmable gate array (FPGA) based controller with PWM methods [36] [37] [38] . The low pass filter is used to remove the high frequency PWM components from the output of the H-bridge. Figure 11 shows the experimental setup, which includes: two FPGA controllers, one for the AC/DC boost H-bridge and another one for the emulator; the H-bridges share the same heat sink. The AC/DC converters are built with four fast recovery diodes and four IGBTs, with ratings of 1200 V. A generator coil section from a small linear machine is used for replicating the source impedances of a particular generator. The coil has a resistance 20 Ω and an inductance 0.4 H. As the system is only emulating one coil section of a small prototype LWEC, the power level considered is low. Figure 12 shows the experimental setup of the composite energy storage system, including Liion batteries with 51.2 V voltage rating and 6 A·h capacity, super capacitors with a total 52 F capacitance, and the related power converters and control circuits. The bi-directional dc-dc Figure 11 shows the experimental setup, which includes: two FPGA controllers, one for the AC/DC boost H-bridge and another one for the emulator; the H-bridges share the same heat sink. The AC/DC converters are built with four fast recovery diodes and four IGBTs, with ratings of 1200 V. A generator coil section from a small linear machine is used for replicating the source impedances of a particular generator. The coil has a resistance 20 Ω and an inductance 0.4 H. As the system is only emulating one coil section of a small prototype LWEC, the power level considered is low.
A power electronics-based wave energy emulator is capable of emulating the impedances, power losses and voltage waveforms reflecting the expected outputs of a particular LWEC, as proposed in [35] . This emulator could be used to excite power converters and the power train of LWECs for the assessment of performances over a range of conditions. Referring to Figure 10 , each phase of the wave energy emulator consists of a DC supply, a low pass filter, a section of coils from a particular linear machine, an H-bridge inverter and related control circuitries. The H-bridge is controlled by signals produced from a field programmable gate array (FPGA) based controller with PWM methods [36] [37] [38] . The low pass filter is used to remove the high frequency PWM components from the output of the H-bridge. Figure 11 shows the experimental setup, which includes: two FPGA controllers, one for the AC/DC boost H-bridge and another one for the emulator; the H-bridges share the same heat sink. The AC/DC converters are built with four fast recovery diodes and four IGBTs, with ratings of 1200 V. A generator coil section from a small linear machine is used for replicating the source impedances of a particular generator. The coil has a resistance 20 Ω and an inductance 0.4 H. As the system is only emulating one coil section of a small prototype LWEC, the power level considered is low. Figure 12 shows the experimental setup of the composite energy storage system, including Liion batteries with 51.2 V voltage rating and 6 A·h capacity, super capacitors with a total 52 F capacitance, and the related power converters and control circuits. The bi-directional dc-dc Figure 12 shows the experimental setup of the composite energy storage system, including Li-ion batteries with 51.2 V voltage rating and 6 A·h capacity, super capacitors with a total 52 F capacitance, and the related power converters and control circuits. The bi-directional dc-dc converters are built with IGBTs and fast recovery diodes, which are rated at 1200 V. 
Results and Discussion
MATLAB is used to simulate the power converters and related control methods represented in this paper. These converters extract power from LWECs, and condition the output to a steady voltage and hence constant power for connecting to the load or grid. The open loop EMF waveforms are simulated for a LWEC, when it is driven by a particular ocean wave with 0.8 m amplitude and 5 s period, as shown in Figure 1 . It can be seen that the expected voltage waveforms vary in both frequency and magnitude. The low frequency envelopes of voltage waveforms correspond to the input wave with a 5 s period. The frequency modulated EMFs are within the range 0-13 Hz. Since the translator of a LWEC will come to instantaneous rest at the ends of its stroke, it is clear that the mechanical power extracted must drop to zero at these positions, and power flow will be periodic with twice the wave frequency.
After passing through passive diode rectifiers, the currents from LWECs are discontinuous and small, and hence the extracted power and output voltage are relatively low, as shown in Table 2 . In contrast, the AC/DC boost topology is capable of achieving quasi-continuous currents and higher DC link voltages. This results in the increase of output powers from 88 to 236 W. A small one-phase test 
After passing through passive diode rectifiers, the currents from LWECs are discontinuous and small, and hence the extracted power and output voltage are relatively low, as shown in Table 2 . In contrast, the AC/DC boost topology is capable of achieving quasi-continuous currents and higher DC link voltages. This results in the increase of output powers from 88 to 236 W. A small one-phase test rig is simulated at this stage, and 367 W is generated. However, a large amount of power is wasted due to the large intrinsic resistance of generator coils, and this result in only 236 W is extracted from the LWEC. The power level of a LWEC could be scaled up to kW or MW in real applications [10] .
LWECs generate electrical power of varying frequency and amplitude, regardless of the state of the input driving ocean waves. Moreover, the power variation results a large ratio of peak to average power. As shown in Table 2 , DC link voltages with large ripples are generated, which means using a capacitor even as large as 3 mF is ineffective. A large voltage ripple at the DC link is likely to cause challenges for maintaining the system's stability and cause stresses on power electronics. The composite energy storage system of batteries and super capacitors has the ability of maintaining steady values of DC link voltage and power, but with a small voltage ripple of only 7 V. Varying sea conditions will cause long term power variations from the LWECs. These can be handled by large energy density devices, in this case the batteries. Due to the limitations of computer resources, the simulation was performed for only four wave cycles as shown in Figure 13 . The LWEC is desired to harnesses electricity from waves with amplitudes of 1.2 m and 0.8 m. As can be seen in Figure 13 , the value of DC link voltage is maintained at 425 V by the composite system of various energy storage means. When the LWEC is driven by waves with 1.2 m amplitude, a 758 W average power is obtained from the generator, a steady power of 422 W is required by the local load and grid, and the excess amount of power is stored by the batteries. When the LWEC is driven by waves with 0.8 m amplitude, a 208 W average power is produced by the generator, and the batteries release energy for meeting the demand value of 422 W load.
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The composite system of various energy storages is controlled to smooth the fluctuation of powers from LWECs and meet the steady power-flow requirement. As shown in Figure 14 , the super capacitor is controlled according to the arrangement shown in Figure 8 . When the green line or red line is positive, the super capacitors or batteries are in discharging mode, respectively. When the two lines are negative, the energy storage components are in charging mode. The charging and discharging processes of the super capacitors (indicated by green lines) are much more frequently Figure 13 . Output voltages of LWEC for four wave cycles.
The composite system of various energy storages is controlled to smooth the fluctuation of powers from LWECs and meet the steady power-flow requirement. As shown in Figure 14 , the super capacitor is controlled according to the arrangement shown in Figure 8 . When the green line or red line is positive, the super capacitors or batteries are in discharging mode, respectively. When the two lines are negative, the energy storage components are in charging mode. The charging and discharging processes of the super capacitors (indicated by green lines) are much more frequently than that of batteries (indicated by red line). This means that capacitor's advantages are being exploited to cover the disadvantages of batteries including limited charging/discharging rates and charging/discharging cycles. On the other hand, the batteries have advantage of a large energy density, which could be applied to handle long term fluctuations of power.
Energies 2017, 10, 114 12 of 15 than that of batteries (indicated by red line). This means that capacitor's advantages are being exploited to cover the disadvantages of batteries including limited charging/discharging rates and charging/discharging cycles. On the other hand, the batteries have advantage of a large energy density, which could be applied to handle long term fluctuations of power. The wave energy emulator produces the expected EMF envelope with similar amplitude and the same frequency, as compared to the simulation results shown in Figure 1 and the experimental results shown in Figure 15 . The green line indicates the EMF to be 100 V for each division; the blue line indicates currents as 1 A per division. The time scale is 0.5 per division. The generator coil current can be fully controlled in tracking EMF waveforms from the emulator and keep the current waveforms in phase with that of the voltage as can be seen in Figure 15 . This improves the low power factor despite the large intrinsic inductance. This correction of the current waveforms results in an increment of extracted power from LWECs. Figure 16 shows the voltage outputs of the emulator imitating the electrical outputs of a particular LWEC when driven by multiple random ocean waves with continuously varying amplitude. As shown, the AC power output fluctuates with voltage envelopes varying from 50 to 175 V. The period of each driving wave is adjusted to 2.5 s for measurement convenience, but it should The wave energy emulator produces the expected EMF envelope with similar amplitude and the same frequency, as compared to the simulation results shown in Figure 1 and the experimental results shown in Figure 15 . The green line indicates the EMF to be 100 V for each division; the blue line indicates currents as 1 A per division. The time scale is 0.5 per division. The generator coil current can be fully controlled in tracking EMF waveforms from the emulator and keep the current waveforms in phase with that of the voltage as can be seen in Figure 15 . This improves the low power factor despite the large intrinsic inductance. This correction of the current waveforms results in an increment of extracted power from LWECs.
Energies 2017, 10, 114 12 of 15 than that of batteries (indicated by red line). This means that capacitor's advantages are being exploited to cover the disadvantages of batteries including limited charging/discharging rates and charging/discharging cycles. On the other hand, the batteries have advantage of a large energy density, which could be applied to handle long term fluctuations of power. The wave energy emulator produces the expected EMF envelope with similar amplitude and the same frequency, as compared to the simulation results shown in Figure 1 and the experimental results shown in Figure 15 . The green line indicates the EMF to be 100 V for each division; the blue line indicates currents as 1 A per division. The time scale is 0.5 per division. The generator coil current can be fully controlled in tracking EMF waveforms from the emulator and keep the current waveforms in phase with that of the voltage as can be seen in Figure 15 . This improves the low power factor despite the large intrinsic inductance. This correction of the current waveforms results in an increment of extracted power from LWECs. Figure 16 shows the voltage outputs of the emulator imitating the electrical outputs of a particular LWEC when driven by multiple random ocean waves with continuously varying amplitude. As shown, the AC power output fluctuates with voltage envelopes varying from 50 to 175 V. The period of each driving wave is adjusted to 2.5 s for measurement convenience, but it should be noted that the real wave periods could be longer than 10 s. The DC link bus is controlled to retain Figure 16 shows the voltage outputs of the emulator imitating the electrical outputs of a particular LWEC when driven by multiple random ocean waves with continuously varying amplitude. As shown, the AC power output fluctuates with voltage envelopes varying from 50 to 175 V. The period of each driving wave is adjusted to 2.5 s for measurement convenience, but it should be noted that the real wave periods could be longer than 10 s. The DC link bus is controlled to retain at a designed voltage of 100 V. This verified the performances of composite energy storage system as that shown by simulation results, and shows that the proposed system is capable of regulating the outputs from LWECs and supply a desired output power to meet the load demand.
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Conclusions
A microsystem composed of LWECs, a composite energy storage system, and related control and power electronics is proposed. The LWECs generate electricity from ocean waves. A proposed AC/DC converter with boost function effectively manages the resonant operation of the mechanics of LWECs, and fully controls the coil currents tracking the EMF waveforms to improve the extraction of power from the LWECs. Simulations and experiments are performed to evaluate the performance of the AC/DC boost H-bridge and its control methods. The composite energy storage system consisting of batteries and super capacitors is capable of flattening the fluctuations of power output from LWECs, and maintaining a steady value of DC link voltage, hence providing a steady power output. Both the experimental and simulation results have demonstrated that the proposed control method for the composite energy storage system is capable of making full use of the relative advantages of super capacitors and batteries, allowing them to cover the drawbacks for each other. Acknowledgment: This work was supported by the National Natural Science Foundation of China under Grant 51577095.
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Nomenclature
P Li
Power output of Li-ion battery P sc 
